We have investigated the influence of bound cations on the reduction of cobalt complexes of redox active ligands and explored the reactivity of reduced species with CO2. The one electron reduction of [Co OMe salophen-CO2)Na]2[Na(cryptand)]2, 9, was isolated but CO3 2-formation in 53% yield was also detected. Thus, the electrons stored in the reversible C-C bonds may be used for the transformation of carbon dioxide.
Introduction
Multi-electron redox processes play a key role in chemical and enzymatic transformations catalyzed by transitions metals. An increasingly used strategy, both in d-block and f-block chemistry, for the design of complexes capable of multi-electron transfer, involves the use of redox-active ligands. [1] [2] [3] [4] [5] [6] These ligands can be used to store and release electrons during substrate transformation, without a change in the metal oxidation state, and as such to enable novel reactivity. [7] [8] [9] [10] Notably, the excellent properties of bis(imino)pyridine as supporting ligands in catalytic and stoichiometric reactions mediated by first row transition metals have been interpreted in terms of their redox-active character. 8, [11] [12] [13] [14] The redox-active behavior of ligands such as polypyridines or unsaturated azamacrocycles also plays a key role during electrocatalytic CO2 reduction by metal complexes of these ligands impacting on reactivity and product selectivity. [15] [16] [17] [18] [19] Other ligands with well identified redox-active behaviour include amido-phenolates, 20 dipyrromethane, 21 diazadienes, 22-24 25 azopyridine, 26 bipyridine, 27,28 phenanthroline, 29 terpyridine 30 Redox events at the ligand may be accompanied by the formation of a new C-C bond 29, [31] [32] [33] [34] that in some cases is reversible. 29, 31, 32, 35, 36 . Tetradentate Schiff bases can act as redoxactive ligands in complexes of d-block [37] [38] [39] [40] [41] and f block 6, 42, 43 metals leading to intramolecular or intermolecular C-C bond formation. Moreover, reactivity studies suggest that the electrons stored in the C-C bond may become available for various chemical transformations including CO2 fixation. 37 Schiff base complexes of cobalt have been reported to act as catalyst in the electrochemical reduction of CO2, 44 and in hydrogen production, 45 but the role of ligand-based redox processes in these transformations has not been elucidated.
The chemical mono-electronic reduction of the [Co II ( R salophen)] (R= H and OMe) was shown not to affect the metal center but to afford the reduction of the imine group and C-C formation. 37 The resulting complex was reported to bind reversibly carbon dioxide. 37 Although the structure of the carbon dioxide adduct was not characterized, it was proposed to be very similar to that of the complex [Co I ( R salen)K(CO2)]. 46 The latter complex forms reversibly from the reaction of CO2 with the bimetallic Co(I) complex [ 46 This reaction was the first example of cooperative binding of carbon dioxide by a heterobimetallic complex. Multimetallic cooperative binding is thought to play a key role in electrocatalytic reduction of carbon dioxide and in its biological transformation, [47] [48] [49] but examples of carbon dioxide reduction at molecular heterobimetallic complexes remain very rare up to date.
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Recent studies from Bart and coworkers have shown that subtle variation of the donor properties of co-ligands structure in uranium complexes of bis(imino)pyridine leads to drastic changes in the distribution of the charge in these complexes and in their reactivity. 55 In contrast the possible effect of the presence and nature of bound counterions on the electronic structure of complexes of redox active ligands has not been investigated. The heterobimetallic [Co I (salophen)M] (M=Li, Na, K) complex is an ideal candidate to investigate how bound cations affect the redox chemistry in metal complexes of redox active ligands. Here we show that the presence of bound cations and the nature of the cation result in dramatic changes in the structure of the reduced species.
Results and discussion One electron reduction of Co( The solid state structure of 1 determined by X-ray diffraction ( Figure 1) shows the presence of a heterobimetallic CoK complex where the phenolate oxygen atoms bind both the Co and the K cations. Each K ion binds two THF molecules, two oxygen atoms from one Co(salophen) moiety and two oxygen atoms from another Co(salophen) moiety resulting in a polymeric structure. The Co ion is tetracoordinated by the two oxygen and two nitrogen atoms of the salophen ligand with a square planar geometry. The structure of complex 1 is similar to that previously reported for the polymeric complex [Co(salen)Na(THF)]n, prepared by reduction of [Co(salen)] with sodium metal. 56, 57 The mean Co-O (1.90(1) Å and Co-N distances (1.829(8) Å) are comparable to those found in the [Co(salen)(Na(THF)]n polymer (Co-O = 1.899(3) Å and Co-N = 1.82(1) Å). A lengthening of the Co-O distances and a shortening of the Co-N distances compared to those found in [Co(salophen)] ( Co-O = 1.843(4) Å and Co-N = 1.873(4) Å) is observed. 58 The lengthening of the Co-O distances is due to the K + binding, while the shortening of the Co-N bond is consistent with the presence of cobalt in a lower oxidation state. 
M=Li, Na
. These complexes contain the reduced hexa-anionic bis-salophen ligands arising from the formation of a C-C bond between two reduced imino carbons of two different salophen units.
The difference in the molecular structure of the compounds obtained from the reduction of [Co(salophen)] and [Co( OMe salophen)] with K and Na, indicates that the nature of the alkali ion has an important effect on the outcome of the reduction. While in the presence of potassium the reduction occurs on the metal, in the presence of sodium it occurs on the ligand.
In order to gain more information on these compounds we have investigated and compared the solution structure of complexes 1 and 2 with that of the previously reported [Co2(bissalophen)Na2(THF) 6] complex. The [Co2(bis-salophen)Na2(THF)6], 3 and [Co2(bisOMe salophen)Na2(THF)4], 4 complexes were prepared using a modified literature procedure. 37 Notably, in the published procedure the dimeric complexes 3 and 4 were prepared by reacting [Co(salophen)] and [Co( OMe salophen)] with an excess sodium (1.5 to 2.5 equivalents) for 4 hours. Considering that excess sodium can lead to further reduction (see following sections) we prepared the complexes 3 and 4 by reacting the Co(II) precursors with one equivalent of sodium for 24 hours.
The proton NMR spectra of 1 and 2 in deuterated THF (up to the solubility limit) show the presence of only one set of seven signals in the diamagnetic region between 6.0 and 10. EPR studies were also carried out for 4/1 THF:DIPE solutions of the [Co(salophen)] complex and of its reduction products at different concentrations ( Figure 5 ). The EPR spectrum of a 4/1 THF:DIPE solution of [Co(salophen] shows a signal typical for low-spin square planar Co(II) complexes. 59 In spite of the broadening, a characteristic eight-line pattern arising from the interaction of the electronic spin with the cobalt nucleus (ICo = 7/2) is unambiguously observed in the high field component. In order to measure the EPR of the complex 3 at different concentrations we prepared the complex in situ because its solubility is very low once it is crystallized. The EPR spectrum of the reaction mixture obtained after reduction of [Co(salophen)] with one equivalent sodium metal has been measured for 10 mM and 30 mM concentrations both at room temperature (no signal observed) and at 10 K after rapidly freezing the solutions prepared at room temperature. The results presented here are in agreement with the presence in solution of an equilibrium between a Co(I)-salophen and Co(II)-bis-salophen species (Scheme 1). The proposed radical intermediate containing a Co(II) bound to a reduced salophen ligand could not be clearly identified by EPR solution studies. We note that the equilibrium between the Co(II)/Co(I) species is reached immediately after the concentration adjustment. Moreover, the ratio Co(II)/Co(I) increases when the temperature is decreased. A variable temperature NMR study allows the determination of the thermodynamic parameters for the interconversion Co(II)/Co(I). The Van't Hoff analysis for this equilibrium leads to values of DH 0 =-5.0(1) kcal/mol and of DS 0 =-16(1) cal/mol/K. The value of DG 0 (-0.3(1) kcal/mol) at 298 K is close to 0 kcal/mol indicating that the C-C bond formation is thermodynamically favored at room temperature but the bond dissociation energy is close to zero. Several examples of reversible C-C coupling with low dissociation energies (10-20 kcal mol -1 ) have been reported in metal complexes 29, 60 and in sterically hindered organic compounds such as the Gomberg's dimer. 61 However, the bonding dissociation energy measured for this complex shows the presence of a very weak C-C bond with DG close to zero. Comparable values have only been found for a C-C bonded phenoxyl radical dimer (bond dissociation energy of 6.1(5) kcal mol -1 ) 62 and in the [Cp*2Yb(phen)] complex (bond dissociation energy of 8.1 (2) kcal mol -1 ).
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In contrast to what observed for 3, the proton NMR of the previously reported [Co2(bis- This suggests that the reduced complex behaves similarly in the presence of Na + and Li + cations. X-ray quality crystals of the dimeric complex [Co2(bis-salophen)Li2(Py)4], 5 were obtained by recrystallization of the reaction mixture in pyridine. The structure of 5 ( Figure 6) shows the presence of a reduced hexa-anionic bis-salophen ligand resulting from the formation of a C-C bond (1.581(8) Å) between the two carbon atoms of the reduced imino groups from two different Co(salophen) units related by the symmetry center of the P21/n space group. Each cobalt center is five coordinated by two oxygens and two nitrogens of the bis-salophen ligand and one pyridine nitrogen with a square pyramidal geometry. Each lithium cation is tetracoordinated by two oxygens of the bis-salophen ligand and two pyridine nitrogens with a tetrahedral geometry. Significantly different C-N distances are found for the imino (1.298(6) Å) and amido (1.449(5) Å) nitrogens in agreement with the presence of double and single bond respectively. A variable temperature NMR study was than performed to determine the thermodynamic parameters for the interconversion Co(II)/Co(I) in the presence of Li These results show a very similar behavior for the heterobimetallic Co-M complexes of the salophen ligand for M= Na or Li. In both cases Co(II) complexes containing a reduced ligand are isolated in the solid state, but in solution the species arising from metal-centered reduction and ligand-centered reduction are in equilibrium trough reversible C-C bond formation. In contrast for M=K only the Co(I) complex is formed both in THF solution and in the solid state. 1 H NMR spectra at variable concentrations from 5 mM to saturation (21.6 mM of Co monomer) of complex 6 in THF-d8, do not show any equilibrium in solution. These results suggest that the trinuclear structure is maintained in solution without any equilibrium occurring between possible isomeric forms.
The molecular structure of complex 6 shows that the two electron reduction of the [Co 
;
Tris-OMe salophen 10- O in two C-C bonds formed from the reduction of two imino groups.
In order to assess the role of the cation in the formation of complex 6 and to further investigate the stability of the C-C bond we added cryptand to a solution of 6 in THF. In order to further analyze the structure of these species, EPR spectra were measured for complexes 6 and 7. The EPR of a solution of complex 6 in THF/DIPE shows a characteristic signal of a Co(II) species with a rhombic g tensor and a well defined hyperfine tensor with the I=7/2 59 Co nuclear spin (Figure 10b) . Similarly, the EPR of crystals of complex 6 in THF/DIPE shows a characteristic signal of a Co(II) species with a rhombic g tensor and a well defined hyperfine tensor with the I=7/2 59 Co nuclear spin (Figure 10c ). Upon closer analysis, it is possible to observe in the EPR spectrum of crystals of 6 the presence of at least one very minor species. These Co(II) impurities are present in sizeable quantity in the raw reaction mixture and are gradually removed by successive re-crystallization as demonstrated by EPR spectra (See supporting information). The EPR of solutions of 6 shows the presence of the same species, the only difference arising from the broader lines that blur out the smallest hyperfine interactions (Figure 10b ). The origin of this broadening could be the presence of sizeable g and A strain due to slight geometrical changes around the Co(II) ion.
The EPR spectrum at 10 K of the complex 7 isolated by addition of cryptand to a solution of complex 6 in THF does not show any trace of an EPR active Co(II) species. Rather, it consists of a narrow (11 G peak to peak) and nearly isotropic line (g=1.968) that points towards the presence of a paramagnetic species with a strong radical character. This spectrum could be explained by the presence of a low spin Co(I) system with a ligand centered radical. The presence of a Co(0) species can be ruled out by the absence of any sizeable hyperfine coupling with the 59 Co I=7/2 nuclear spin. 63, 64 Two minor signals can be noted on this spectrum. From batch to batch, the relative intensity of these species changes. They could be due to impurities or to a system with a different electron localization. The reaction of complex 3 with CO2 resulted only in the reversible coordination of CO2 as previously reported for 3 and 4 by Floriani and coworkers. 37 The exposure of complex 3 to CO2 (1 atm) in THF-d8 lead to the formation of a completely insoluble product as previously described. 1 HNMR studies of the reaction of 3 with CO2 show that the diamagnetic Co(I) complex first reacts with CO2 followed by complete disappearance of all signals (Co(I) and Co(II)) and formation of an insoluble product. Suspension of this product in THF leads to CO2 release and restoration of the proton NMR signals of complexes 3. In contrast complex 6 reacts irreversibly with excess 13 CO2 (1 atm) in THF-d8 to yield a brown suspension. Unfortunately, because of the low solubility of 9 and of the presence of multiple reaction products, complex 9 could not be isolated in reasonable amounts for further characterization.
Reactivity
The dissolution in deuterated water of the residue obtained after removal of volatiles from the reaction mixture obtained from the reaction of 6 with excess 13 CO2 leads to partial 65 The addition of 13 C labelled sodium acetate as internal standard allows the determination of the yield in carbonate product that amounts to 53% of CO3 2-(per Co atom). When only 1eq of 13 CO2 per Co atom is added onto a THF-d8 solution of 6, a comparable yield in carbonate was measured (58%). Carbon monoxide should also form in the disproportionation reaction of CO2 to carbonate, but it could not be observed by 13 C NMR spectroscopy probably because of the CO coordination to the cobalt center. 66 These results show that the electrons stored into the C-C bond become available for the reduction of CO2 to CO2
-which subsequently disproportionates to yield carbonate and CO or may add onto the ligand framework (Scheme 5). The formation of complex 9 may result either from direct two-electron reduction of CO2 by complex 6 that makes available the two electrons stored in the C-C bonds or by the one electron reduction followed by electrophilic addition to a radical localized on the C-N moiety.
Conclusion.
To summarize, the one electron reduction of [Co( R salophen)] with alkali metals leads to the formation of heterometallic Co-M complexes that have undergone either ligand-centered or metal-centered reduction depending on the alkali ion. The two electron reduction of [Co( The reaction results in the formation of carbonate, but also on the addition of the reduced CO2 onto the ligand framework. These results show that electrons stored in reversible C-C bond may be used for the transformation of carbon dioxide. We anticipate that careful tuning of the ligand and counterion might allow to prevent the addition of the carbon dioxide on the ligand and studies in this direction will be performed in the future.
Experimental section.
General Considerations. Unless otherwise noted, all manipulations were carried out at ambient temperature under an inert argon atmosphere using Schlenk techniques and an MBraun glovebox equipped with a purifier unit. The water and oxygen level were always kept at less than 1 ppm. Glassware was dried overnight at 130°C before use.
H and 13
C NMR experiments were carried out using NMR tubes adapted with J. Young valves. NMR spectra were recorded on Bruker 200 MHz and 400 MHz and on Varian Mercury 400 MHz spectrometers, at various temperatures. NMR chemical shifts are reported in ppm with solvent as internal reference. Diffusion coefficient measurements were performed by NMR using a Pulsed-Field Gradient STimulated Echo (PFGSTE) sequence (See supporting information), using bipolar Gradients, at 298 K and no spinning was applied to the NMR tube.
Elemental analyses were performed under argon by Analytische Laboratorien GMBH at Lindlar, (Germany) or by the elemental analyses department of the EPFL using a Thermo Scientific Flash 2000 Organic Elemental Analyzer.
Starting materials. Unless otherwise noted, reagents were purchased from commercial suppliers and used without further purification. 2,2,2-cryptand was recrystallized from THF prior to use. Commercial anhydrous CoCl2 was purified by extraction in THF to yield CoCl2(THF)2. [Co{N(SiMe3)2}2(THF)] was prepared as previously reported. 67 The solvents were purchased from Aldrich, Eurisotop or Cortecnet (deuterated solvents) in their anhydrous form, conditioned under argon and vacuum distilled from K/benzophenone (pyridine, DIPE, DME and THF) or sodium dispersion (hexane). All reagents were dried under highvacuum for 7 days prior to use.
Schiff-base ligands were prepared in air by the condensation of 1,2-phenylenediamine with the corresponding salicylaldehyde derivatives (1:2 stoechiometric ratio) in ethanol under reflux similarly to earlier procedures. 68 The potassium salts of the Schiff base ligands were prepared as previously described 42, 69 by addition of KH or NaH to a THF solution of the corresponding Schiff base. The resulting M2 R salophen (yellow to orange), salts were obtained in 70-95% yield.
K2salophen.
1 H NMR (200 MHz, THF-d8, 298 K): δ = 8.4 (s, 2H), 7.2 (s, 2H), 7.1 (s, 2H), 7.0 (s, 2H), 6.8 (s, 2H), 6.4 (s, 2H), 6.1 (s, 2H).
Na2salophen.
1 H NMR (200 MHz, THF-d8, 298 K): δ = 8.6 (s, 2H), 7.4 (d, 2H), 6.9-7.3 (m, 8H), 6.5 (t, 2H). mmol, 1 equiv) in THF (18 mL) and the red suspension was stirred for 5 hrs at room temperature. Then potassium chunks (106.7 mg, 2.7 mmol, 1 equiv) were added. [Co( [Co2(bis-salophen)Na2(THF)6], 3, was prepared using a procedure slightly modified with respect to the previously published one 37 (in the published procedure an excess sodium is added and the reaction is stopped before all sodium is consumed). [CoCl2(THF)] (415.4 mg, 2.0 mmol, 1 equiv) is added onto a solution of Na2salophen (741.3 mg, 2.0 mmol, 1 equiv) in THF (18 mL) and the red suspension is stirred for 5 hrs at room temperature. Then sodium chunks (46.0 mg, 2.0 mmol, 1 equiv) were added. The mixture was stirred for 24 hrs affording a green suspension. The mixture was filtered to remove NaCl and the THF volume of the filtrate was reduced to 3 mL. Slow layering with diisopropylether gave a brown precipitate which was collected by filtration and dried under vacuum (720 mg, 87% (145.8 mg, 0.4 mmol, 1 equiv) in THF (6 mL). The mixture was stirred for 24 hrs affording a green solution. The solution was taken to dryness and the obtained residue was crystallized by slow diffusion of hexane into a pyridine solution of the complex (103.9 mg, 70%). ) shows the presence of carbonate in 53% yield (using 13 C labeled sodium acetate as internal standard). A similar yield in carbonate was measured from the reaction of 6 with 3 equiv of CO2.
When the reaction's scale was increased to 43.5 mg of complex 6, and an excess of 2.2.2-cryptand was added after the reaction of 6 with excess CO2, single crystals of [Co( OMe salophen-CO2)Na]2[Na(cryptand)]2, 9, were obtained by slow diffusion of DIPE into the THF reaction medium.
X-ray Crystallography.
Experimental details for X-ray data collections of all complexes are given in table S1. Figure Graphics are created using MERCURY 3.9 Supplied with Cambridge Structural Database; CCDC: Cambridge, U.K., [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] . Diffraction data of 1, 2, 5 were measured using an Oxford-Diffraction XCalibur S at low temperature [150(2) K] The datasets were reduced by CrysAlis (CrysAlisPro, Agilent Technologies) and then corrected for absorption. 70 The diffraction data of 6 and 8 were measured at low temperature [100(2) K] using Mo Ka radiation on a Bruker APEX II CCD diffractometer equipped with a kappa geometry goniometer. The datasets were reduced by EvalCCD 71 and then corrected for absorption. 72 The data collection of compounds 7 and 9 were performed at low temperature [140(2) K] using Cu Ka (7) or Mo Ka (9) radiation on a Rigaku SuperNova dual system in combination with an Atlas CCD detector. The data reduction was carried out by Crysalis PRO. 70 The solutions and refinements were performed by SHELXT and SHELXL. 73 The crystal structures were refined using full-matrix least-squares based on F 2 with all non hydrogen atoms anisotropically defined. Hydrogen atoms have been located in calculated positions by means of the "riding" model. Additional electron density found in the difference Fourier map (due to highly disordered solvent) of 6 and 7 was treated by the SQUEEZE algorithm of PLATON.
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EPR measurements.
EPR experiments were carried out using 5 mm EPR tubes adapted with J. Young valves. Solid samples were carefully ground before the measurements. EPR of the solutions at different concentrations were recorded after rapidly freezing the solutions after equilibrium was reached at 298 K. EPR spectra were recorded on a Bruker EMX continuous wave spectrometer operating at X band frequency equipped with an Oxford instrument ESR 900 Helium flow cryostat. For each experiment, magnetic field was recorded with a Bruker Gaussmeter ER035M and microwave frequency was recorded with an Hewlett-Packard Microwave Frequency Counter 5350B. 
3-
